Reactive oxygen species (ROS) are produced as by-products of several intracellular metabolic pathways and are reduced to more stable molecules by several protective pathways. The presence of high levels of ROS can be associated with disturbance of cell function and could lead to apoptosis. The presence of ROS within the physiological range has many effects on several signalling pathways. In stem cells, this role can range between keeping the potency of the naive stem cells to differentiation towards a certain lineage. In addition, the level of certain ROS would change according to the differentiation stage. For example, the presence of ROS can be associated with increasing the proliferation of mesenchymal stem cells, decreasing the potency of embryonic stem cells and adding to the genomic stability of induced pluripotent stem cells. ROS can enhance the differentiation of stem cells into cardiomyocytes, adipocytes, endothelial cells, keratinocytes and neurons. In the meantime, ROS inhibits osteogenesis and enhances the differentiation of cartilage to the hypertrophic stage, which is associated with chondrocyte death. Thus, ROS may form a link between naïve stem cells in the body and the environment. In addition, monitoring of ROS levels in vitro may help in tissue regeneration studies. Ó 2018 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Reactive oxygen species (ROS) have been known for a long time for the destructive effect when the oxidative effect exceeds the natural resistance by the antioxidant system. Many years and intensive research was required to convince the scientific community that both oxidant and antioxidant species have physiological roles, especially in metabolism, intracellular signal transmission and regulation of cellular functions [1] [2] [3] . Investigating the cellular roles provided some clues regarding stem cell biology, including the preservation of cell potency and guiding their differentiation, as well as their intense defence against oxidative stress-induced cell death [4] . In 2007, Jang and Sharkis showed that maintaining low levels of ROS corresponded to the quiescent state of stem cells in vivo and was a crucial feature of stem cell precursors [5] . Three years later, Oscar et al. reported a link between specific inflammatory mediators and the regulation of the stem cells' regenerative capacity; one example was preserving the potency of embryonic stem cells (ESCs) through the inhibition of PLA2, COX, and LOX. These findings were confirmed through the effect on these cells [6] . Despite the significant literature that discusses the interaction between ROS and stem cells, it is difficult to stratify the role of ROS from the potency/differentiation perspective, which is the main aim of this minireview.
An overview on reactive oxygen species ROS can result from reduction of an electron in oxygen. Among other forms, three forms are found in the intracellular compartment: hydrogen peroxide (H 2 O 2 ), superoxide anions (O 2 À ) and
hydroxyl radicals (OH À ). Superoxide dismutase (SOD) is an enzyme, which uses the intracellular antioxidants to reduce these oxidants into H 2 O and O 2 through various steps [7] . Mitochondria represent a major source of ROS through, at least, ten ROS-generating systems. For example, pyruvate dehydrogenase and a-ketoglutarate dehydrogenase are enzymes in the Krebs cycle that produce a significant amount of O 2 À and H 2 O 2 . Also, the inter-mitochondrial membrane protein, p66Shc, and the outer membrane enzyme, monoamine oxidase, are other important mitochondrial ROS sources [5] . The membrane-bound NADPH oxidase (NOX) is considered as another major producer of ROS. This enzyme reduces O 2 to O 2 À by using NADPH as an electron donor.
The unstable molecule reacts with nitric oxide (NO) to produce peroxynitrite (NO 3 -) or converts to hydrogen peroxide (H 2 O 2 ) by superoxide dismutase. H 2 O 2 may disrupt cell signalling, especially the pathways induced by growth factors, or react with Fe 3+ to produce hydroxyl radicals [8] . Acute hypoxia can also influence the generation of ROS through complex III, which is involved in alteration of gene expression [9] .
Within the cell, ROS contributes to many normal and abnormal pathways, including cell proliferation, adhesion and survival [10] . ROS can function as secondary messengers through reversible oxidation of the amino acid, cysteine, of certain proteins, which modifies their actions, in particular cyclin D1 and forkhead proteins [11, 12] . ROS-induced oxidative stress can result in injury to various organelles through damaging proteins, lipids or even DNA. This sort of molecular interaction and alteration can lead to cell death. Even worse, sub-lethal levels of ROS can lead to carcinogenesis through activating certain signalling pathways responsible for increasing proliferation. For example, ROS enhances the production of NFjB, signal transducer and activator transcription (STAT) and activator protein-1 (AP1) [13] . ROS can induce prostate cancer through the involvement of Nox5 and inhibition of the JNK signalling pathway, as well as protein kinase C zeta [14] . The mitochondrial DNA is particularly exposed to ROS damage, being in close proximity to the production source of ROS and being deprived of histone and non-histone proteins [15] .
Under normal conditions, ROS production is controlled by an efficient ROS scavenging system, which consists of antioxidant molecules that counterbalance ROS through direct reactions. Glutathione (GSH) is an abundant and potent antioxidant that reduces oxidized proteins and H 2 O 2 through the glutaredoxin and thioredoxin system. Cellular redox homeostasis controlled by ROS production versus antioxidant defence is critical for the regulation of both physiological and pathophysiological cellular functions. The natural antioxidant list extends to include superoxide dismutase, catalase, glutathione reductase, glutathione S-transferases, glutathione peroxidases and other low-molecularweight molecules, such as ascorbic acid and a-tocopherols [16] [17] [18] . Although the antioxidant protection levels have been described in several cell types, it has yet to be fully explored for stem cells.
Reactive oxygen species and keeping the stem cell potency
As the term 'stem cells' covers cells from different sources at different stages of development, the definition of the role of ROS on stem cells is complex. Stem cells vary in their origin, potential of differentiation, epigenetic markings, and stage of maturity. The presence of ROS balance within the stem cells is not only important for differentiation but also to keep their potency. Multiple studies showed that ROS play different, but vital, roles in various types of stem cells. The interaction between stem cells and ROS in terms of keeping their potency is summarized in Fig. 1 .
Embryonic stem cells (ESCs)
ESCs are derived from the embryonic inner cell mass, at the blastocyst stage of development [19] . The progeny of the blastocyst are the precursors for all cell types derived from the three embryonic germ layers, when given the sufficient and necessary stimulation [20] .
Oxygen level fluctuations and ROS have a very important role in ESC proliferation in addition to differentiation, as the early embryonic developmental stages occur under low oxygen tension. The latter was estimated to be around 2.4% prior to implantation [21] .
Furthermore, the ESC markers of pluripotency, OCT4, Tra 1-60, Nanog, and Sox2, are downregulated in response to increasing levels of ROS, which enhances the ESC differentiation along the mesodermal and endodermal lineages. Interestingly, this potency can be restored by the use of antioxidants. Such effects are modulated through different members of the mitogen-activated protein kinase family (MAPK), which influence multiple signalling pathways [22] .
Adult stem cells
Adult stem cells (ASCs) are multipotent cells that can be found in adult tissues. These cells are characterized by having the ability of self-renewal, as well as differentiation into most of the cell types in the body. ASCs can be found in almost all tissues in the body, including bone marrow, peripheral blood, skeletal muscle, dental pulp tissue, skin and gastrointestinal tract lining and can be isolated with relative ease from adipose tissue, umbilical cord blood, amniotic fluid, as well as foetal liver and bones [23] [24] [25] [26] . ASCs have a limited proliferation ability and their main function is to support tissue homeostasis by producing cells that replace lost or dead cells [27] .
The bone marrow is considered as the reservoir of stem cells in the human body with two distinct populations. Hematopoietic stem cells are a subpopulation of ASCs that differentiate into various types of blood cells, including both the myeloid and lymphoid lineages. While, the former would differentiate into monocytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes and megakaryocytes, the latter would give rise to T-cells, B-cells, NK cells, and some dendritic cells [28, 29] . The other population within the bone marrow is the mesenchymal stem cells (MSCs), which multi-lineage differentiate into the mesodermal lineage by default (such as chondrocytes, osteocytes, and adipocytes), as well as ectodermal and endodermal derived cells [19, [30] [31] [32] .
Interestingly, the potency of adult stem cells was correlated to the mitochondrial location within the cytoplasm. The perinuclear arrangement of mitochondria was associated with higher differentiation potential of the cells. These cells had lower ATP content per cell, as well as higher rate of oxygen consumption [33] . ROS plays a role even in MSC proliferation. With the basal level of ROS, MSCs would remain quiescent. The ROS level would increase before the cells enter the S phase of the cell cycle, and antioxidants block the G 1 -S transition [34] . Urao et al., in 2008 , found that deletion of Nox2 causes reduced stem cell mobilization from the bone marrow to peripheral blood [35] . The interaction between ROS and MSCs encouraged many researchers to investigate the potential role of MSCs in severe inflammatory conditions, such as pancreatitis, with inconsistent results [36] .
Induced pluripotent stem cells
Induced pluripotent stem cells (IPSCs) combine the advantages of adult and embryonic stem cells. The latter combines the pluripotency with the proliferation potential, which makes them a good model for studying diseases and drug testing without having any ethical concerns. In addition, these cells can be generated to be patient-specific and/or disease-specific, which is not possible with ESCs [37] .
One of the methods used to generate tissue-specific pluripotent cells is via transfection with the transcription factors, OCT4, SOX2, KLF4, and c-MYC (collectively known as the four factors or 4F). A key concern with reprogramming adult cells into IPSCs is the increased load of genomic abnormalities that are not originally found in the parent cells [38] . During reprogramming of IPSCs, mitochondria become progressively smaller and less active. The cellular metabolism shifts from oxidative respiration to oxidative glycolysis, which could result in the accumulation of reactive oxygen species and oxidative stress in the cells [39] . Increasing levels of ROS can result in the modification of individual nucleotide bases, single and double-strand breaks, as well as telomere attrition [40] . Checking the integrity of the chromosomes, as well as the genome, is a crucial step for approving the safety of newly generated IPSCs, especially for clinical use [41] .
Reactive oxygen species and stem cell differentiation
ROS are not only crucial for keeping stem cell potency, but also for their differentiation potential, possibly through a cell signalling effect induced under the effect of Nox4. The effect of ROS on the differentiation of stem cells is illustrated in Fig. 2 .
Bones
Moody et al., showed that oxidative stress caused by ROS was related to a decrease in the skeletal integrity by reducing osteogenic differentiation potential in MSCs [42] . In the meantime, using antioxidants such as vitamin C or E can restore the osteogenic differentiation properties, which highlight the possible role of antioxidants in promoting bone formation [43, 44] .
Chen et al. showed that osteogenic differentiation of MSCs was associated with reduction of intracellular ROS levels, based on the upregulation of intracellular antioxidant systems, such as SOD [45] . H 2 O 2 treated MSCs exhibited a reduction in the gene expression of the osteogenic transcription factor, Runx-2, as well as downstream markers, such as alkaline phosphatase and bone sialoprotein [46] . Alkaline phosphatase is an enzyme responsible for the mineralization of bone matrix and is a marker for osteogenic differentiation. The enzymatic activity has been shown to decrease in response to ROS [47] . Furthermore, the addition of ROS to bone marrow-derived stromal cells or osteoblastic precursors inhibited the expression of different osteogenic markers in a dose dependent manner [34, 48] . Thus, there is an inverse correlation between the level of ROS and bone differentiation.
Cartilage
MSCs give rise to two types of cartilage during foetal development: permanent hyaline and transient cartilage. The permanent subtype is located at the ends of the developing bones and is associated with synthesizing the classic extracellular matrix of articular cartilage. The transient form arises prior to skeletal bone formation and passes into three stages: (1) commitment to chondrocyte differentiation by stem cells known as mesenchymal condensation;
(2) chondrocyte proliferation in the growth plate; and (3) proliferating chondrocyte differentiation to hypertrophic chondrocytes [49] . The following stage is the formation of the scaffolds where the chondrocytes that are located in the middle of the diaphysis stop proliferating and undergo hypertrophy. Then the cells are either transformed into osteoblasts or proceed to apoptosis and are replaced by the osteoprogenitors [50, 51] .
ROS are needed in the early stages of chondrogenesis during in vitro studies. The presence of certain ROS was associated with increased markers of chondrogenesis and the use of antioxidants was inhibitory for differentiation [52, 53] .
On the contrary, Morita et al. demonstrated that ROS mediated the inhibition of proliferation in chondrocytes and induced the differentiation into hypertrophic chondrocytes. The same study showed a higher level of intracellular ROS levels in prehypertrophic and hypertrophic chondrocytes compared with proliferating chondrocytes and surrounding tissues. In addition, treating the cells with antioxidants blocked the chondrocyte hypertrophy [54] . These findings can be correlated to the presence of cartilage in a hypoxic atmosphere, being an avascular organ, as well as the gradual decrease of catalase during chondrogenic differentiation [52, 53] . Henceforth, ROS may have a counteracting role in cartilage homeostasis and low levels of ROS could be required in the initial stages of chondrogenic differentiation modelling in the lab.
Cardiomyocytes
In ESCs, ROS play an antagonistic role in cardiovascular differentiation. The intermittent exposure to ROS, especially at low levels, increases ESC differentiation into cardiomyocytes and enhances new vessel formation. On the other hand, continuous exposure would inhibit cardiomyogenesis and vasculogenesis [55] . Buggisch et al., in 2007 , proposed that glucose-induced production of mitochondrial ROS activates the p38 phosphorylase system via Nox4. Hyperglycaemia has been implicated in increased ROS production, which is involved in the redox state in cardiac differentiation. An examination of cardiac redox status of ES cells during different glucose conditions concluded that in low glucose media, cardiomyogenic potential is impaired [56, 57] . Wnt-11 gene activation is required for cardiomyocyte differentiation. The latter is activated by hypoxia and ROS in order to upregulate Notch1 signalling. Boopathy et al. showed that balancing Notch activation and H 2 O 2 repair and regeneration can be crucial for future implementation of MSC-based cell therapy for the heart [58] .
Blood vessels
ROS can induce vascular endothelial growth factor (VEGF), the main angiogenic inducer, through an indirect approach. H 2 O 2 and other ROS can induce the alpha subunit of hypoxia-inducible factor-1 in a dose dependent manner. The latter is a known inducer of VEGF and the link with Nox4 expression was shown through a cascade of molecules, such as ERK1 and 2 as well as JNK activation [59] [60] [61] . In addition, epidermal growth factor and angiopoietin-1 can be directly affected by ROS. The production of these two factors supports the neovascularization through influencing cell migration and proliferation [62] .
Adipose tissue
The combination of CCAAT enhancer binding protein a (CEBPa) with peroxisome proliferator-activated receptor c (PPARc) would not only involve the commitment of the cells into adipogenic differentiation, but also the terminal differentiation. There is a reciprocal induction between PPARc and CEBPa as in a positive feedback fashion, which can be stimulated by ROS, especially H 2 O 2 . The latter works upstream of CEBPa and PPARc and regulates their expression [63, 64] .
Another theory for ROS effects on adipocytes indicated an antiadipogenic role, which was introduced by Carriere et al. in 2003 and 2004 [65, 66] . Their observation correlated hypoxia-inducible factor 1-alpha (HIF-1 a) to inhibition of adipogenesis, as the latter inhibits mitochondrial electron transport, producing redox changes in the electron carriers and thereby ROS. These observations were supported by the work of Galinier et al. (2006) , who showed that adipose tissue from Zucker obese rats had higher levels of glutathione and vitamin C in a lower redox state than the fat of lean animals. This indicates that obesity is associated with reduced ROS formation [67] .
To understand the effects of ROS on preadipocytes and adipocyte differentiation, a dissection of the pathways on a molecular level should take place as it is highly dependent on specific growth factors, which influence the oxidative balance. The prior studies analysed systemic markers involved in energy metabolism (such as leptin and adiponectin) rather than intracellular redox changes, which may be completely different. On the cellular level, proinflammatory cytokines such as interferon-c, transforming growth factor b, tumour necrosis factor-a and interleukin-6 have been shown to inhibit preadipocyte differentiation and lipid accumulation [68] .
Skin
Mitochondrial-derived ROS have an important role in skin development and regeneration through influencing Notch and b-catenin signalling pathways. Knockout mice of mitochondrial transcription factor A (TFAM) were associated with loss of mice hair, a defective epidermal barrier and impaired keratinocyte differentiation [69] . Keratinocyte proliferation can be enhanced by irradiation by a 780 nm low power diode laser, which increases the synthesis of ROS within the cells [70] .
Furthermore, exposure of the skin to the environmental pollutant, tetrachlorodibenzo-p-dioxin, results in a clinical condition, chloracne. Kennedy et al. (2012) investigated the molecular mechanism and showed upregulation of 40% of the genes responsible for the differentiation of the epidermis, as well as most of the genes responsible for de novo ceramide synthesis. These effects were mediated through increasing the mitochondrial production of ROS by 151% and was reduced by antioxidants [71] . When ROS levels increase in the mitochondria, nucleoredoxin can be targeted. The latter is a regulator of the Wnt/ b catenin pathway with the ultimate result of enhancing epidermal differentiation [69] . Thus, ROS could have a positive role in enhancing stem cell differentiation into the skin multilayers.
Neurons
The role of ROS as an important factor in the regulation of neuronal differentiation is highlighted in many in vitro approaches using cells derived from neuroblastoma, teratocarcinoma and ESC cell lines [72] . Neural stem cells have the ability to differentiate into the three types of cells that can be found in the brain, which are the neurons, astrocytes and oligodendrocytes. In the meantime, these cells keep their self-renewal ability. In addition, ROS scavenging agents can repress neurosphere formation. The surviving cells are significantly reduced in number throughout the culture period [73] .
Moliner et al. showed that enhanced differentiation of ESCs to neurons in spheres was associated with increased gene expression of the pathways related to mitochondrial metabolic pathways and ROS production [74] . In clonal cortical cultures, ROS are produced early in the culture environment and lead to cellular differentiation into both the large pyramidal-like and calretinin expressing neurons [75] . Le Belle et al. reported increased oxidative stress that resulted from pharmacological inhibition of Nox enzyme, which promoted neuroepithelial stem cell cellular activity and selfrenewal [76] . Furthermore, ROS-mediated neurogenesis is dependent on activation of JNK signalling [77] . Different members of the Wnt signalling pathway play an important role as well, including Wnt-3a and Wnt-7a. The Wnt/ b-catenin pathway is activated in response to ROS, as mentioned earlier [78] . Wnt can induce the expression of the sensory neuron markers, including neuroD, Brn3a and neurogenin 1 (Ngn1) through the activation of Tlx3 [79] . Table 1 summaries the effects of ROS on the pluripotency and differentiation of stem cells.
Conclusions and futures perspectives
Free radicals or ROS can affect stem cell differentiation through a multitude of factors that include the concentration, duration of exposure, continuous versus intermittent exposure, cellular content of antioxidants, and simultaneous co-exposure to other factors. All these elements are important towards further understanding stem cell biology. Knowing how such molecules may function in such complicated pathways may open the door for the development of regenerative applications based on stem cells for various medical conditions.
The physiological concentration of specific ROS at certain timepoints seems to be crucial for keeping the potency of the cells or their differentiation towards a certain lineage. Furthermore, the specific role of certain subsets of stem cells has not been well clarified. The limit between the beneficial and the toxic doses of ROS has yet to be determined. These findings might allow a new potential for adding certain ROS at a sub-toxic concentration for a limited time as an extra component in the differentiation protocols. Further studies are required to compare between different types of ROS and antioxidants and the differentiation efficiency, as well as the ultimate dose and frequency duration of administration for the cells.
